The transport of sound and heat, in the form of phonons, has a fundamental material limit: disorder-induced scattering. In electronic and optical settings, introduction of chiral transport -in which carrier propagation exhibits broken parity symmetry -provides robustness against such disorder by preventing elastic backscattering [1, 2, 3, 4, 5] . Here we experimentally demonstrate a path for achieving robust phonon transport even in the presence of material disorder, by dynamically inducing chirality through traveling-wave optomechanical coupling [6, 7, 8] . Using this approach, we demonstrate dramatic optically-induced chiral transport for clockwise and counterclockwise phonons in a symmetric resonator. This induced chirality also enhances isolation from the thermal bath and leads to gain-free reduction of the intrinsic damping of the phonons. Surprisingly, this passive mechanism is also accompanied by a chiral reduction in heat load leading to a novel optical cooling of the mechanics. This technique has the potential to improve upon the fundamental thermal limits of resonant mechanical sensors [9, 10] , which cannot be otherwise attained through conventional optomechanical cooling [11, 12, 13, 14, 15, 16] .
not fundamentally modify the contribution of thermal noise [23, 24] . Surprisingly, chiral systems -that break parity symmetry -can provide improved transport properties, giving rise to unique physics ranging from nonreciprocal wave propagation to disorder-free transport via the edge states of quantum Hall systems [1, 2, 3, 4, 5] . Indeed, inducing nonreciprocal behavior by breaking time-reversal symmetry in nominally achiral devices forms the basis for circulators [25, 26] and recent proposals for optomechanical isolation [3, 8, 27, 5] . Here we consider an approach to dynamically impart chirality to achiral mechanical systems, which induces disorder-less transport while simultaneously improving the isolation of phonon modes from the ambient bath, lowering their heat load without added damping [10] .
One particularly simple class of systems for examining chirality are passive devices having degenerate forward-and backward-propagating modes, such as ring cavities and whispering-gallery resonators (WGRs). We demonstrate in this work a new technique for enabling improved coherence properties for phonons, by integrating induced time-reversal breaking [8] with opto-acoustic coupling in a WGR. Specifically, we show that optomechanical chiral cooling of phonon modes is possible. This phenomenon leads to induced chiral propagation in the clockwise (cw) and counterclockwise (ccw) phonon modes, resulting in the protection of the phonon pseudo-spins from disorder-induced scattering. Most notably, while the cw phonon mode experiences conventional optomechanical cooling [11, 12, 13, 14, 15, 16] , the ccw mode is observed to cool without added dissipation, revealing a new form of optomechanical cooling that occurs through increased isolation from, and chiral refrigeration of, the thermal bath.
Let us consider a whispering gallery-type resonator with an intrinsic degeneracy for clockwise (cw) and counterclockwise (ccw) propagation for both phonons and photons. Our particular structure uses frequency-adjacent optical modes belonging to different mode families, that may be populated by cw or ccw photons (Fig. 1a) , for a total of four optical modes for the experiment. These optical modes differ in (ω, k) space by the energy and momentum of propagating phonons in the resonator. Photons occupying the modes in the cw (ccw) direction can thus only be coupled through Brillouin acousto-optic scattering from the cw (ccw) phonons, as illustrated. Verification of the Brillouin phase-matching between two optical modes and a high-Q phonon mode can be performed by means of forward Brillouin lasing [6] and induced transparency measurements [8] . In particular, when we pump the lower-energy optical mode, anti-Stokes scattering to the higher mode annihilates phonons [16] in the corresponding direction and should lead to unidirectional optomechanical damping. As a result, this system should exhibit significant optically-induced chirality in the transport of phonons, which we may hope to observe by its modification of the high-Q mechanical mode that couples to the light (Fig 1b) . We note that there also exist other low-Q vibrational excitations of the resonator, i.e. the phonon bath, that also occupy (ω, k) space within the bandwidth of the optical modes. We collectively treat these as a phonon quasi-mode having large dissipation rate. This quasi-mode acts as a bath for the Figure 1 : Chiral cooling and modal coupling relationships in a whispering gallery resonator. (a) Configuration of the two requisite optical modes (with cw and ccw degeneracy) is illustrated in (ω, k) space. Anti-Stokes Brillouin scattering from cw pumping of the lower mode annihilates only cw phonons due to the strict phase-matching requirement, while ccw phonons remain nominally unaffected. (b) Directional optical interface to the resonator modes is achieved via tapered optical fiber. Unidirectional optical pumping results in dramatic chiral damping of the phonons. (c) Model for coupling between the anti-Stokes (higher frequency) optical modes c ± , high-Q phonon modes a ± , and phonon quasi-modes b ± in cw and ccw directions. Light couples to the a ± and b ± phonons with different optomechanical interaction strength, while disorder-induced scattering between phonons occurs with strength V 0 . Details on individual parameters are provided in the text. Experimental setup for optomechanical refrigeration of a chiral bath. We perform the experiment using a silica whispering-gallery microsphere resonator that is interfaced via tapered optical fiber. A 1520 nm to 1570 nm tunable external cavity diode laser (ECDL) generates the cw pump and ccw probe sources. An Erbium-doped fiber amplifier (EDFA) controls the cw pump power, for both optomechanical cooling [16] and for monitoring the cw phonon spectrum. An electro optic modulator (EOM) is employed when needed, for measuring the detuning of anti-Stokes scattered light from its optical mode through an induced transparency measurement [8] . A variable optical attenuator (VOA) is used to control the ccw probe, which monitors the ccw phonon spectrum. Fiber polarization controllers (FPC) are used to optimize coupling between the fiber and resonator in both directions.
high-Q mode, while also directly coupling to the light. Our experiments are performed with a silica WGR of diameter ∼ 150 µm at room temperature and atmospheric pressure, using a tapered fiber coupler for optical interface in the telecom band (Fig. 2) . Direct coupling between optical modes in cw and ccw directions is negligible. To examine the potential for modification of the high-Q phonon behavior, and the possibility of chiral transport of sound, we set up the experiment with two optical sources tuned to the lower frequency optical mode in the clockwise (cw) and counterclockwise (ccw) directions. The role of the cw "pump" is to induce cooling of the cw propagating phonons, while the role of the much smaller ccw "reverse probe" is to simply generate optical scattering from the counter-propagating phonons. The RF beat spectrum generated between the scattered light and the corresponding source in either direction provides a direct measure of the phonon mode spectrum (Supplement Sec. S5). In the experiment, the optical pump and probe sources are both derived from the same laser and are thus always at identical frequencies. Throughout the remainder of this work, no pump or probe field is delivered to the upper optical mode, in order to prevent coherent amplification of the phonons via Brillouin scattering.
Our first task is to measure the intrinsic damping of the high-Q phonon mode γ m without any optical pumping. This is traditionally the minimum measurable phonon linewidth in any optomechanical cooling experiment. We perform this measurement by detuning the source laser from the optical resonance such that little to no optomechanical cooling is induced by either the pump or the probe. The zero-power phonon linewidth γ m can be calculated by extrapolating measurements of cw and ccw phonon linewidths γ a+ and γ a− using the theoretical model (Eqs. S10). A determining parameter for the optomechanical cooling rate is the detuning ∆ 2 of the anti-Stokes scattered light from its optical mode, which we measure directly using the Brillouin Scattering Induced Transparency [8] . In Fig. 3a we plot linewidth measurements of both cw and ccw phonon linewidth as a function of this detuning. We immediately see a striking direction-dependence of the damping rates of the cw and ccw phonons, that has never previously been reported. This dramatic chiral damping is a direct result of the momentum conservation rules that underly the Brillouin scattering interaction, and will not generally be available in traditional single-mode optomechanical systems. We note also that the relative power of the cw pump and ccw probe lasers is ∼ 9 : 1, so there is some cooling of the a − phonons as well.
As discussed below, the minimum measured linewidth γ m in the above experiment will be larger than the intrinsic loss rate γ. This is because γ m = γ + 4V 2 0 /Γ where the second term in Eqn. 2b (below), representing disorder-induced backscattering to the counter-propagating quasimode, is unavoidable. Here, we measure intrinsic damping γ m to be about 12.5 ± 1.0 kHz. All uncertainties in this manuscript correspond to 95 % confidence bounds of the fitted value.
We now propose a model that illuminates how the optical coupling to the quasimodes allows us to change the role this disorder-induced backscattering plays in the damping and thermalization of the high-Q phonon modes. Specifically, we incorporate all the essential physics described above and illustrated in Fig. 1c as follows. We define the higher frequency optical modes c σ , with σ = + for cw photons and σ = − for ccw photons. These couple to the high-Q phonon mode a ± respectively, via direct optomechanical interaction with strength αh 0 (or βh 0 ), and also couple to the quasi-mode b ± with strength αg 0 (or βg 0 ). In all cases these interactions preserve chirality σ. h 0 and g 0 are the bare (single photon/phonon) optomechanical coupling strengths, while α and β are the square root of the intracavity photon number in cw and ccw direction respectively.
We exclude a simpler model, of two degenerate mechanical modes and no additional quasi-modes, as it fails to produce two key features of the data. First, at low pump power, we would see some mode splitting, representing a breaking of circular symmetry from disorder-induced scattering. Second, at high pump powers, explored below, the lowest linewidth that the backward mode could achieve would be equivalent to its initial linewidth and its temperature would be equal to the bath temperature. Optical coupling to multiple mechanical modes is the next best alternative, and as we show below, describes these phenomena.
To see the role chirality plays, we now also include the existence of disorder-induced scattering between a ± and b ∓ modes having strength V 0 -a term that explicitly breaks the chiral symmetry. We can thus represent this toy model system with the interaction Hamiltonian expression given by:
The full Hamiltonian model including the dissipation and detuning terms is provided in the Supplement. We can now derive the equations of motion for this system by means of the Heisenberg-Langevin equation (see Supplement Sec. S3) and extract the susceptibilities of the high-Q phonon modes a ± . The corresponding modal linewidths γ a ± can then be obtained as follows.
The last term in each expression is the disorder-induced modification. Here κ, γ, and Γ are the loss rates of the optical modes c σ , the high-Q phonon modes a σ , and the phonon quasi-modes b σ respectively. The parameters C α and C β are the quasi-mode optomechanical cooperativities defined as 4α 2 g 2 0 /Γκ and 4β 2 g 2 0 /Γκ, respectively.
With zero optical pumping, the model predicts γ a+ = γ a− = γ + 4V 2 0 /Γ implying that the minimum measurable phonon mode linewidth in any conventional experiment is greater than the intrinsic loss rate γ, because disorder in the system causes loss via elastic backscattering into the bσ quasi-mode. The model also predicts, irrespective of disorder-induced scattering, that asymmetric optical pump strengths α and β will induce chirality in the transport properties of phonons with γ a+ = γ a− as we saw previously. Most importantly, we note that the contribution of disorder-induced scattering can be minimized by increasing the cooperativities C α and C β . In the particular case where only the cw optical pump is provided (α = 0, β = 0), γ a− will approach the intrinsic loss rate γ, indicating a robustness against disorder-induced scattering. This effect has never previously been reported. In addition to phonon linewidth modification, this model also predicts a reduction in the effective temperature of the a − phonon mode. Considering the effective thermal noise on a − near resonance given by
, the effective temperature of mode a − can be determined by the weighted sum of each bath's contribution divided by the total damping:
Notably, from Eqn. 2b and Eqn. 3 we predict that as the optical pump α increases, the thermal load on mode a − will decrease more rapidly than the concurrent improvement in its linewidth.
We now return to the experimental results, to demonstrate the key predictions of this model: (i) dissipation associated with disorder-induced backscattering can be optically inhibited, (ii) the damping rate of ccw phonons can be brought below the intrinsic damping γ m , and (iii) the process leads to a reduction in heat load. Here, we employ an erbium doped fiber amplifier (EDFA) to control the cw pump power while keeping the ccw probe power constant at 12.5 µW. The anti-Stokes Brillouin scattered light in the resonator is kept close to zero detuning from its optical mode to maximize cooling efficiency, i.e. |∆ 2 /κ| is less than 10 %. Since the ccw probe adds some optical damping to the ccw phonons, the initial measurement of γ a− is at 18 ±1 kHz, which is greater than the measured zero-power linewidth γ m .
When the cw pump power is increased, the added optical damping broadens the cw phonon linewidth γ a+ (Fig. 3b) . The striking feature of this experiment is that the ccw phonon linewidth γ a− simultaneously reduces, i.e. the ccw phonons become more coherent! We verify that the increased coherence of the ccw phonons is not associated with any gain (Fig. 3c) . In fact, quite the opposite occurs, and the total integrated area under the phonon spectrum also reduces, indicating a reduction in heat load (i.e. cooling) of the a − phonons. This heat load reduction occurs more rapidly than the linewidth improvement, as theoretically predicted.
Since the ccw optical probe was not modified in any way, the optically induced damping (about 4.5 kHz) from the probe remains constant. The reduction of the γ a− linewidth thus indicates that a hidden contribution to dissipation is being eliminated when the cw pump power is increased. At the end of the experiment, the measured linewidth γ a− = 10.5 ± 1.7 kHz is well below the intrinsic damping γ m = 12.5 ± 1 kHz measured at the start of the experiment. Subtracting the optical damping from the probe gives an upper bound to the intrinsic thermalization rate for the mechanical mode γ < 6 kHz.
Our model indicates that the above measured reduction in the phonon linewidth γ a− occurs in the disorder-induced scattering contribution to the intrinsic linewidth. In other words, the ccw propagating phonons achieve significant robustness against disorder when the cw propagating phonons are cooled optically.
Our approach for inducing chiral behavior is, at present, confined to the narrowband response of a high-Q resonator system. However, such devices are already in use for metrological applications [21, 22, 23, 24] including atomic force microscopes [28] and quantum-regime transducers [29, 30] . In all these cases, increasing the quality factor while reducing the heat load of the mechanical element would lead to a direct improvement in performance. Furthermore, the modification of phonon transport due to light may have substantial impact beyond current devices, as the ability to dynamically reconfigure the phononic behavior may change the realm of possibility as currently conceived. Still, robust demonstration of chiral asymmetry and non-reciprocal behavior remains close, but our work provides a foundation upon which to build such demonstrations. Optomechanical single-photon coupling strengths,
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S2 System Model: Defining the Modes and Their Coupling
Our system is composed of cw and ccw optical modes, high-Q phonon modes, as well as vibrational excitations inside the material, i.e. the phonon bath. As described in the main text, we focus on a scenario in which high-Q modes of clockwise and counterclockwise circulation with annihilation operators a σ are coupled via disorder to a quasi-mode (broad mode representing many actual mechanical modes) circulating in the opposite direction with annihilation operators bσ. In the experiment, for each circulation we have a pair of optical modes c p,σ and c σ . The optomechanical coupling allows for transfer of light from c p,σ to c σ with a corresponding annihilation of a phonon that is phase matched. This process overlaps with both the high-Q modes and the quasi-modes. 
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With the above basic picture, we examine this model using the rotating wave approximation (RWA) as the experimental configuration is all narrowband. We can then use the input-operator language to describe the open system dynamics. After displacing the optical cavity fields by the pump amplitudes in the cavity, c σ → √ n σ +c σ with √ n + = α, √ n − = β, the c p,σ fluctuations decouple from the rest of the system. Working in the frame rotating with the pump laser frequency, we write the linearized Heisenberg-Langevin equations for the mechanical and optical modes in the Fourier domain with Fourier frequency ω:
where V 0 is the coupling strength of disorder-induced scattering between the cw(ccw) high-Q phonon modes a σ to the ccw(cw) phonon quasi-modes bσ. In contrast to the usual quantum optics literature, we here define detuning to be the mode frequency minus the signal frequency. Thus a positive detuning is red detuned. This makes comparison to mechanical motion as transparent as possible. Meanwhile, the coupling of the quasi-modes b σ to the c σ modes is given by g 0 √ n σ , while h 0 √ n σ captures the coupling between a σ and c σ . For any given ω, there is a self-consistent ω b ≈ ω that describes the relevant portion of the bath modes. Thus we take |ω b − ω| Γ in what follows. Specifically, we have the following main assumptions for this simple model:
1. Phonon backscattering occurs between high-Q phonon modes and the phonon quasimodes, i.e. between a + ←→ b − and a − ←→ b + , with strength V 0 .
2. The cw(ccw) optical mode c +(−) couples to the high-Q phonon mode a +(−) and the cw(ccw) phonon quasi-mode b +(−) with different strengths. The cw optical mode c + couples to the cw high-Q mode a + via direct optomechanical interaction with strength αh 0 and couples to the quasi-mode with strength αg 0 . Likewise, the ccw optical mode c − couples to the ccw high-Q mode a − with strength βh 0 and couples to the ccw quasi-mode b − with strength βg 0 . Here are n + and n − are the number of intracavity photon in the cw optical mode c + and the ccw mode c − , respectively.
3. The high-Q phonon modes a +(−) and the phonon quasi-modes b +(−) have the intrinsic damping rates γ and Γ, respectively (γ Γ). The cw modes and ccw modes have symmetry with respect to the origin. We also assume that the damping rate Γ is in the same order as the optical loss rate κ.
We exclude a simpler model, of two degenerate mechanical modes and no additional quasimodes, as it fails to produce two key features of the data. First, at low pump power, we S4 would experimentally observe some mode splitting, representing a breaking of circular symmetry from disorder-induced scattering. Second, at high pump power, the lowest linewidth the backward mode could achieve would be equivalent to its initial linewidth, and its temperature would be equal to the bath temperature. Optical coupling to multiple mechanical modes is the next best alternative, and as we show here, describes these phenomena.
Based on these assumptions, we can obtain the simplified continuum model as shown in Fig S1. a. In principle, the dynamics of the system can be solved numerically. However the loop structure in this coupled six-mode system will complicate the result, rendering interpretation difficult. To better capture the main physics, we can make the following approximation: we assume the g 0 parameter is larger than h 0 so that the optical field couples more strongly to the bulk modes b ± . We can then break the loop into two pieces (see Fig S1.a-c) .
S3 Analysis of the Simplified Continuum Model
S3.1 Susceptibilities of the High-Q Modes, a ± We first focus on the ccw-side coupling direction ( Figure S1 .b) to calculate the linewidth of the ccw phonon a − . Solving in the Fourier domain, we get
whereκ −i(ω − ∆) + κ/2 + 2α 2 g 2 0 /Γ. Similarly, for the cw phonon mode a + , we can find its equation of motion by interchanging α with β, a + with a − , and c + with c − :
The susceptibilities of the a ± modes are given by the left hand side of the equations of motion:
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S3.2 Linewidths of the a ± Modes
We can define the cooperativities as C α = 4α 2 g 2 0 /Γκ and C β = 4β 2 g 2 0 /Γκ, which are both dimensionless parameters describing the strength of optomechanical coupling relative to cavity decay rate and mechanical damping rate. Under the phase matching condition that the pump laser and its scattered light are near the two frequency-adjacent optical modes, we can expect ∆ ≈ ω m (see Fig S2) . To evaluate the linewidth of the high-Q phonon modes, we set ω ≈ ω m . Then we have:
where γ a + and γ a − are the linewidths of the high-Q phonon modes a ± . Note that the linewidths γ a ± are larger than their minimum measurable linewidth γ m = γ + 
S3.3 Effective Temperature of the Phonon Modes
Another important feature that comes from the continuum model is the reduction in the effective temperature of the a − mode, because of coherent damping of the σ = + mechanical modes. When the right-hand side of the equation (S2) is considered with an assumption that the optical noise c in σ is negligible compared to the thermal noise source, we have the effective noise on a − as:
The effective temperature of mode a − is then given by:
When near resonance, ω ≈ ∆, we have:
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It reveals that the second term in equation (S8) decreases with increasing C α . This fact indicates the effective temperature of the ccw a − mode reduces with increase of the cw pump laser (|α| 2 ). We can derive the effective temperature of the a + mode in the same manner.
In the experiment shown in the main paper, the ccw probe β is much smaller compared to the cw pump α, thus this effective temperature T eff a + change is not significant for the a + mode.
S4 Experimental Details
In Fig. S3 , we illustrate the detailed experimental setup used to measure the spectra of the cw (ccw) high-Q phonon modes a ± . The experiment is performed using a silica microsphere resonator optical Q > 10 8 that is evanescently coupled to a tapered fiber waveguide. The scattered light that results from the opto-acoustic coupling is sent to the photodetector through the same waveguide that also carries the pump laser. A tunable External Cavity Diode Laser (ECDL) spanning 1520 -1570 nm drives light into the waveguide. A 90/10 fiber optic splitter separates this source into the cw pump and the ccw probe laser. In the cw direction, the pump laser is amplified by an Erbium-Doped Fiber Amplifier (EDFA). Thus, the EDFA affects the cw pump laser only, not the ccw probe laser.
In order to measure anti-Stokes light detuning from the optical mode, ∆ 2 = ω 2 − ω AS , we employ a Brillouin Scattering Induced Transparency measurement [8] . Here ω 2 is the resonant frequency of the anti-Stokes optical mode, and ω AS is the frequency of anti-Stokes scattered field via Brillouin scattering as illustrated in Fig. S2 . An electro-optic modulator 
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(EOM) is used to generate the required probe sidebands relative to the cw pump laser. The upper sideband is used to probe the acousto-optic interference within anti-Stokes mode.
1 % of the signal after the EOM output is used as a reference to a network analyzer (NA) to measure the transfer function for this optical probe. The remaining light passes through a fiber polarization controller (FPC) to maximize coupling between the taper and the resonator. Circulators are employed for performing analysis of the cw and ccw scattered light. An oscilloscope (OSC) and a real-time spectrum analyzer (RSA) are used to measure these optical signals on a photodetector. Figure S3 : Detailed experimental setup. The blue lines indicate the optical paths (fiber), while the black narrow lines indicate the electrical signal paths. A fiber-coupled tunable external cavity diode laser (ECDL) provides light through a 90/10 optical coupler that splits the light into cw and ccw directions. The cw pump power is controlled by an Erbium-doped fiber amplifier (EDFA). An electro optic modulator (EOM) is employed for probing detuning of anti-Stokes light from its optical mode. Scattered light is captured at a photodetector and is sent to an oscilloscope (OSC) and a real-time spectrum analyzer (RSA) for analysis.
